Abstract. Applications of underwater sensor networks involve environmental monitoring, disaster prevention, and resource detection. As the importance of these applications has recently grown, underwater sensor networks made up of sensor nodes have to be further investigated. However, little research has been performed to develop an underwater sensor node with communication functionality. In an underwater environment, typical RF-based communication is not appropriate because of two facts. One fact is that radio waves require large antennae and high transmission power. The other fact is that the Berkeley Mica 2 Motes have been reported to have a transmission range of 120cm underwater. Consequently, we have concluded that underwater communication has to use an acoustic or ultrasonic wave rather than a radio wave. The objective of our work is to develop an acoustic modem for underwater communication, where we have to consider an energy-aware acoustic modem. This is because the battery can not easily be recharged underwater as well as in a terrestrial environment. As a consequence, an acoustic modem has to be designed with low-power. In this paper, we describe our implementation of an energy-aware acoustic modem and its performance in underwater experiments. 
Introduction
Recent advances in processors, memory, and radio technology have made smart, tiny, and cheap nodes possible. Wireless sensor networks composed of these nodes can be used in promising network architectures. These sensors also collect a number of useful information in an unattended manner. Applications of underwater sensor networks are composed of environmental monitoring, disaster prevention, and resource detection. As the importance of these applications has recently grown, underwater sensor networks made up of sensor nodes have to be further investigated. However, little research has been conducted in developing the underwater sensor node with communication functionality.
In an underwater environment, typical RF-based communication is not appropriate because of two facts. The first fact is that radio waves require large antennae and high transmission power. The other fact is that the Berkeley Mica 2 Motes, the most popular experimental platform, have been reported to have a transmission range of 120cm in underwater at 433MHz [1] . Consequently, we have concluded that underwater communication has to use an acoustic or ultrasonic wave rather than a radio wave.
The objective of our work is to develop an acoustic modem for underwater communication, where we have to consider an energy-aware acoustic modem. That is because the battery can not be recharged underwater as well as in a terrestrial environment. As a consequence, the acoustic modem has to be designed with low-power. In this study, we implemented the energy-aware acoustic modem.
The contributions of this paper are as follows. First, this work develops a low-power based acoustic modem. In particular, our modem operates with a 3.3V power supply. To that end, the lifetime of a sensor node was prolonged. Second, the modem for our study is a low-cost based acoustic modem with the capability for digital data communication. Because there is no existing modem with this capability based on low-cost, our modem is significant in this respect. Third, our work provides the basis for a ubiquitous device underwater as well as in a terrestrial environment. That is, the modem is smarter, smaller, and cheaper for underwater as well as terrestrial uses. As a result, this work's results are significant, including the result of having a technical method to perform real-time underwater monitoring effectively.
The remainder of this paper is organized as follows. Section 2 addresses related work on acoustic modems. In Section 3, we describe design principles and a hardware implementation of an acoustic modem. Section 4 describes underwater communication using software. The performance evaluation via underwater experiment is presented in Section 5. The comparisons and design challenges are provided in Section 6. In Section 7, we give some conclusions and future work.
Related Work
Acoustic communication plays an important role in underwater applications such as environmental monitoring, disaster prevention, and resource detection. Currently, underwater acoustic communication has received significant attention from many researchers. Previously, existing acoustic modems such as [2] [3] are commercial acoustic modems. However, they are usually bulky and expensive. They are not designed with low-power and they consume large amounts of energy. From this fact, we concluded that long-lived sensor networks over batterypowered nodes could not be implemented. In our state-of-the-art design, we focus on a low-power and low-cost acoustic modem.
There are acoustic modems designed with low-power. The authors in [4] proposed CORAL. It uses special acoustic hardware which consists of piezotransducers, a microcontroller-based architecture and interface circuitry. However, the difference between CORAL and our modem is the power supply. While the power supply of CORAL is 5V, the power supply of our modem is 3.3V. The authors in [5] proposed a Mica2 Sensor Board with an integrated Sounder and Microphone. In fact, their power supply in this system is similar to that in our modem. However, this system could not be used in underwater communication. The authors in [7] proposed a low-power acoustic modem. However, the power supply of this modem is 5V. Also, this modem does not perform underwater testing.
Different from the above, our modem uses ultrasonic sensors and its power supply is 3.3V. Also by taking the underwater test, it proves, itself, with underwater usage.
A Hardware Implementation of an Acoustic Modem
First, we now discuss the design principles of an acoustic modem. Our modem design includes several principles as follows. These principles are used to perform underwater communication effectively. i) Low-power based modem: Sensor networks composed of sensor nodes are based on a low-power design. Batteries can not be recharged underwater. Thus, to allow the long-lived operation of sensor nodes, we have to design a low-power modem. ii) Low-cost based modem: In our study, we found commercial acoustic modems usually bulky and expensive. We concluded that commercial acoustic modems did not allow for much wider deployment. Also, devices such as a submarine and an autonomous underwater vehicle (AUV) used acoustic communication, but were expensive. We, therefore, have to make a low-cost modem for wider dissemination. iii) Modem with the capability for digital data communication: Most underwater communications has been accomplished by sending only analog data such as voice. There is no underwater communication using a microcontroller which processes digital data. That is why many researchers investigate underwater communications sending digital data. Hence, by this fact, we have to develop an acoustic modem to communicate digital data by means of a microcontroller.
This work implements an underwater acoustic modem according to the above design principles. The microcontroller for the sensor node is an ATmega128L, which has an 8bit MCU, and operates from a 3.3 volt power supply. Hence, the power supply of our underwater modem is also 3.3 volt. Fig. 1 shows a block diagram of an acoustic modem. Our acoustic modem is divided into two main parts: an ultrasonic transmitter and an ultrasonic receiver. These parts used ultrasonic sensors to generate or detect the ultrasonic wave. The ultrasonic sensors, which are waterproof, use a 40 kHz frequency both for the transmitter sensor and the receiver sensor. We, next, describe the details of this ultrasonic transmitter and receiver.
Ultrasonic Transmitter and Receiver
The ultrasonic transmitter consists of three components: a frequency generator, an amplifier, and an ultrasonic sensor. The frequency generator makes a 40 kHz frequency and uses an ASK modulation/demodulation method that combined an on-off voltage level with a carrier wave. Then, the modulated signals in the frequency generator are sent to the amplifier. The amplifier amplifies these input signals. The voltage level of the amplified signals is −6V ∼ +6V . Finally, the ultrasonic sensor transmits these amplified signals.
The ultrasonic receiver is composed of five components: an ultrasonic sensor, an amplifier, an envelope detector, and two comparators. The ultrasonic sensor receives the transmitted signals and sends them to the amplifier. Because the received signals are a minute signal, to process them in the next step, they have to be amplified. So, the amplifier amplifies the received signals. Then, the comparator1 removes the noise from the amplified signals and sends the signals to the envelope detector. The envelope detector detects the original signals from the amplified signals. Finally, the comparator2 transforms these analog signals into digital signals and sends them to the sensor node. The sensor node uses software to regenerate the transmitted data.
Underwater Communication Software

Packet Format
We use a packet which is composed of two flags, a payload header and a payload. Here, two flags carry out the functionality of an acoustic physical layer header. A payload header performs the functionality of an acoustic MAC layer header. That is why we are able to make up the compact packet and carry out the test. Fig. 2 shows our packet format. For more explanation, we describe all the elements of the packet. In our implementation, we use CRC16, which has 2 bytes, to detect the transmitting errors. The value of CRC16 is extracted from CRC16- Table  which is made up of 256 elements.
The length of the payload is not fixed. Its length is decided according to the kind of applications. This work uses a 20 bytes payload to carry out the underwater communication. In this experiment, we do not consider a number of MAC services. These MAC services will be left for future work.
The Transmitted Signals in the Ultrasonic Transmitter
The modulation method used in this work is an ASK. The ASK identifies whether the signal is sent or not, and generates the signal according to this fact. For example, when transmitting the bit '1', the frequency generator generates 40 kHz during t time. Otherwise, it does not generate the frequency during t time. That is, the frequency generator uses an on/off method according to the data from the MCU and transmits the data. For more explanation we provide Fig. 3 . The amplifier uses the RS232 IC to amplify the signals which come from the frequency generator. Fig. 3 shows these amplified signals.
Sending Signal Data
Fig. 3. The signals in the amplifier
Here, we define the sending period, t time (ms). This time is defined as the time interval of transmitting each bit. Thus the data rate is denoted in Formula (1):
If the performance of the ultrasonic sensor is high, the data rate will be improved much more. This will be explained in Section 5.
The Received Signals in the Ultrasonic Receiver
The ultrasonic sensor receives the transmitted signals and sends them to the amplifier. Because the received signals are a minute signal, they have to be amplified. Fig. 4(a) shows the amplified signal in the amplifier. Then, the comparator1 removes the noise. The envelope detector detects the original signals from the amplified signals. Finally, the comparator2 transforms these analog signals into digital signals and sends them to the sensor node. The demodulated signal, later to be transmitted to the sensor node, in the comparotor2 is shown in Fig. 4(b) . These signals are entered into the comparator port in the sensor node. The sensor node uses software to retrieve the original data.
The Software Sampling Method
The signals, which are shown in Fig. 4(b) , are entered into the comparator port in the sensor node. The comparator port uses a software sampling method to interpret these signals as the origianl signals. The software sampling method is as follows. The comparator port generates an interrupt at an interval of t/2 time from the high toggled signal to read the entered signal. Next, the port reads the entered signal at regular intervals of t time. For a more detailed explanation, we provide Fig. 5 which shows the software sampling method. Thus, if the value of the signal is greater than the value of the comparator, the comparator port represents the signal as 1. Otherwise, the port identifies it as 0.
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Performance Evaluation
Test Environment for Underwater Communication
We used an aquarium to perform underwater communication. Fig. 6 shows the test environment. Fig. 6(a) is a picture of the overall system. For more explanation, we illustrate with Fig. 6(b) . Two notebooks were connected with two sensor nodes which were linked to the acoustic modems in the water. The sensor node used the ATmega128L MCU. In the near future, these sensor nodes will be put in the water. The notebook used the UART to communicate with the sensor node. The UI was a hyper-terminal. The underwater communication between the sensor nodes was performed by sending text. The communication experiment was conducted with the following steps. First, in the transmitter part, we inputted the data to be transmitted in the notebook. Then, the sensor node sent the data to the acoustic modem. The acoustic modem transformed the data into an analog signal and transmitted it through the ultrasonic sensor. In another receiver part, the acoustic modem amplified the 
The Sending Period and Communication Distance
Based on our test environment, we carried out the experiments by changing the sending periods. In our experiments, the length of the payload was set to 20 bytes. For each sending period, the transmitter sent 100 packets to the receiver.
The receiver recorded the number of the packets received correctly to compute the packet delivery ratio. Fig. 7 shows the different packet deliver ratios when the sending period changed. As shown in the figure, the packet delivery ratio increased as the sending period increased. For a 10ms sending period, we obtained a packet deliver Sending Period (ms) 
Fig. 7.
Packet delivery ratio vs. the sending period ratio 1. This means that the packet deliver error is not generated. So, we define the data rate of our modem as 100 bps. If the acoustic modem can be improved in the ultrasonic sensors, we can decrease the sending period to increase the data rate. This remains for future work. We did not consider the communication distance. That was because we focused on whether our modem operated very well or not. Fortunately, the communication distance of our modem was 3m. Therefore, finding the exact range of the acoustic modem would have required an enlarged test facility.
The Comparisons and Design Challenges
To evaluate the performance of our acoustic modem, we provide Table 1 . Table 1 has the evaluations of and comparisons of the performance of the acoustic modems. Because these modems were very recently developed with low-power and low-cost, we compared them so that we could represent the superiority of our modem from the performance perspective.
The comparisons of the acoustic modems are as follows. First, the power supply of our modem was 3.3V, and all the others had a 5V power supply. Here, we did not know the power supply of the acoustic communication [5] . So, we inferred its power supply from the usage of the sounder and microphone as used in lowpower acoustic modem [7] . In the energy consumption perspective, our modem was the best of all the others. Second, while our modem and the CORAL [4] were used in the underwater experiment, the Acoustic Communication [5] and the Low-Power Acoustic Modem [7] were not performed in the underwater test. Also, while the test of CORAL [4] put only sensors in the water, our test involved testing the acoustic modem and sensors in the water. From an objective point of view as to the number of devices in the water, our test was much more concerned with the underwater experiment. Third, while the data rate of our modem was 100bps, the data rate of the Acoustic Communication [5] was less than 10bps. By this fact, the data rate of our modem was ten times as fast as that of the Acoustic Communication [5] . We did not know the data rate of the CORAL [4] and the Low-Power Acoustic Modem [7] . From the viewpoint of the data rate, our modem had the best performance. Fourth, the frequencies of the CORAL [4] , the Acoustic Communication [5] , the Low-Power Acoustic Modem [7] , and our modem were 1.7 kHz, 4.5 kHz, 18 kHz, and 40 kHz respectively. Finally, the transmitting/receiving devices of the CORAL [4] , the Acoustic Communication [5] , the Low-Power Acoustic Modem [7] , and our modem were the piezo-transducers, the sounder and microphone, the projector/speaker and hydrophone/microphone, and the ultrasonic sensors respectively. So, only our modem used the ultrasonic sensors. As the above comparison indicated, we concluded that the functionality of our acoustic modem came significantly forward in the power supply, the underwater experiment, and the improved data rate aspects.
The design challenges to overcome for the underwater modem are as follows. i) The directional property: The directional property of the ultrasonic sensor is so sensitive that if the direction is not matched, its transmitting error is increased.
To that end, the pinpoint development of an ultrasonic sensor is needed. The underwater acoustic modem also has to process a minute signal. ii) The reflection and refraction: The reflection and refraction of a signal in underwater are very hard. That is why underwater communication is more difficult than terrestrial communication. The underwater acoustic modem has to remove the noise such as the reflection and refraction.
Conclusion and Future Work
Through related work, we knew the requirement that the underwater sensor networks must perform the acoustic communication. According to this requirement, this research with regard to an acoustic modem has significant meaning when performing acoustic communication. However, the hardware to support acoustic communication did not exist at all prior to our work. This work developed an acoustic modem as hardware to perform acoustic communication. Thus, the advantages of our acoustic modem are as follows. First, our acoustic modem is a low-powered acoustic modem. In the energy consumption perspective, our modem was the best of all the others. Second, our modem is a low-cost based acoustic modem with the capability of digital data communication. Because there had been no prior existing modem with this capability based on low-cost, our modem is significant in this regard. Through Table 1 , we do know the fact that our modem come to the fore among the acoustic modems which have developed recently.
Some of the problems to be considered in our acoustic modem are: the directional property, the reflection, and the refraction. Our future work is the research to overcome these problems. Because the underwater applications have significant attraction of themselves, the acoustic modem with the functionality of the underwater communication will become much more significant. Therefore, it is our task to develop the acoustic modem to its fullest potential. In addition, this acoustic modem will become the basis for the underwater wireless sensor networks.
